ABSTRACT Organosilicon species such as silicon carbide and silicon dicarbide are considered as key molecular building blocks in the chemical evolution of the interstellar medium and are associated with the formation of silicon-carbide dust grains in the outflow of circumstellar envelopes of carbon-rich asymptotic giant branch (AGB) stars. However, the formation mechanisms of even the simplest silicon-bearing organic molecules have remained elusive for decades. Here, we demonstrate in crossed molecular beam experiments combined with ab initio calculations that the silacyclopropenylidene molecule (c-SiC 2 H 2 ) can be synthesized in the gas phase under single-collision conditions via the reaction of the silylidyne radical (SiH) with acetylene (C 2 H 2 ). This system denotes the simplest representative of a previously overlooked reaction class, in which the formation of an organosilicon molecule can be initiated via barrierless and exoergic reactions of silylidyne radicals with hydrocarbon molecules in circumstellar envelopes of evolved carbon stars such as IRC+10216. Since organosilicon molecules like silacyclopropenylidene can be eventually photolyzed to carbon-silicon clusters such as silicon dicarbide (c-SiC 2 ), silacyclopropenylidene might even represent the missing link between simple molecular precursors and silicon-carbide-rich interstellar grains.
INTRODUCTION
During recent decades, the molecular processes involved in the formation of organosilicon molecules such as silicon carbide (SiC) and silicon dicarbide (c-SiC 2 ) together with their hydrogenated counterparts have received considerable attention from the astronomical (Speck et al. 1997; Ziurys 2006 ) and physical chemistry communities (Srinivas et al. 1991; Maier et al. 1994 Maier et al. , 1998 Van Orden et al. 1995; Fernandez et al. 2011) . This is due to the key role of silicon-bearing molecules in the chemical evolution of the interstellar medium (ISM; Ziurys 2006; Cernicharo et al. 2010) and their link to the formation of silicon-carbide dust grains in the outflow of circumstellar envelopes of carbon-rich asymptotic giant branch (AGB) stars like IRC+10216 (Jones 2001) . The infrared emission feature seen in the spectra of most carbon stars at about 11.0 μm has been reliably attributed to silicon-carbide dust grains (Speck et al. 1997; Ziurys 2006) . Due to the simultaneous abundance of silicon dicarbide (Thaddeus et al. 1984) , organosilicon clusters are considered as key building blocks in the synthesis of more complex silicon-bearing molecules such as SiC 3 and SiC 4 , which eventually lead to silicon-carbide dust grains (Ohishi et al. 1989) . Sophisticated isotope analysis verified that the silicon-carbide stardust recovered from meteorites originates essentially from AGB stars with smaller portions formed in Type II supernovae and novae (Zinner 1998) .
However, the basic molecular processes, which link the circumstellar silicon and carbon chemistries to grain formation, are far from being understood (Cherchneff et al. 2000; Cherchneff 2006; Decin et al. 2008 ). In the outer regions of carbonrich circumstellar envelopes, where ultraviolet photons from the interstellar radiation field penetrate, astrochemical models pro- 4 Corresponding author.
pose that organosilicon chemistry is dictated by ion-molecule reactions, radiative associations, and dissociative recombination with either atomic or singly ionized silicon (Millar & Herbst 1994; Millar et al. 2000; Wakelam et al. 2011 ). In the inner regions, models assume that, starting with silicon carbide, neutral-neutral reactions of silicon-carbon clusters initiate silicon-carbide dust nucleation (Yasuda & Kozasa 2012) . Further chemical growth of silicon-carbide dust is suggested to involve reactions with acetylene (C 2 H 2 ) and the ethynyl radical (C 2 H) (Yasuda & Kozasa 2012) . However, the validity of these mechanisms has remained conjectural because the majority of the reactions have not been studied in the laboratory. Also, after nucleation and chemical growth in the stellar ejecta, siliconcarbide dust grains are processed in the ISM by energetic ions in prevalent shock waves (Jones et al. 1994) . As sputtering by energetic ions is very efficient, the calculated lifetime of dust grains in the ISM of about 5 × 10 8 yr is much shorter than the injection timescale of dust by stars of 2 × 10 9 yr. The implication is that only a small fraction of the silicon should be in the solid state, but this contradicts observations of elemental depletions suggesting that up to 90% of silicon is depleted on grains (Tielens 1998) . The prevalent notion in the field is, therefore, that chemical growth of dust is very rapid in the ISM (Draine 2009 ). Hence, both the inefficient formation of simple silicon-carbide clusters and the ubiquitous presence of interstellar grains suggest crucial, but hitherto unexplained, reaction pathways leading to a supply of organosilicon species via a fast chemical growth.
Here, we report the results of a crossed molecular beam experiment of the D1-silylidyne radical (SiD; X 2 Π) with acetylene (C 2 H 2 , X 1 Σ g + ). By merging the reactive scattering data with electronic structure calculations, we furnish conclusive evidence that the silacyclopropenylidene molecule (c-SiC 2 H 2 ) can be synthesized via a single-collision event involving the barrierless reaction of two neutral molecules: the D1-silylidyne radical and acetylene. This system denotes the simplest representative of a previously overlooked reaction class, in which the formation of an organosilicon molecule can be initiated by barrierless reactions of silylidyne radicals with unsaturated hydrocarbon molecules in circumstellar envelopes of evolved carbon stars such as IRC+10216. The experiments were conducted at a collision energy of 41 kJ mol −1 , which is equivalent to a temperature of about 4900 K. This is comparable to temperatures in the circumstellar envelopes of carbon-rich stars such as IRC+10216 close to the photosphere reaching temperatures up to a few thousand kelvin, thus mimicking nicely the physical (temperature) and chemical (reactant) conditions in circumstellar envelopes of carbon-rich AGB stars close to the photosphere. In the case of IRC+10216, the silylidyne (SiH) and acetylene (C 2 H 2 ) reactants are predicted to be present at fractional abundances of up to 2 × 10 −7 and 3 × 10 −4 , respectively, within two stellar radii (Willacy & Cherchneff 1998) . The facile route to silacyclopropenylidene and potentially more complex silicon-bearing species via silylidyne radical reactions opens up a versatile, hitherto disregarded source of silicon-bearing molecules in the ISM. Since organosilicon molecules such as silacyclopropenylidene can be eventually photolyzed to carbon-silicon clusters like c-SiC 2 (Maier et al. 1994 (Maier et al. , 1995b Redman et al. 2003) , which are considered key building blocks in interstellar grains, organosilicon molecules such as silacyclopropenylidene might even represent the missing link between simple molecular precursors and silicon-carbide-rich interstellar grains.
EXPERIMENTAL
The experiments were conducted under single-collision conditions in a crossed molecular beams machine (Kaiser et al. 2010) . A pulsed, supersonic beam of the D1-silylidyne radical (SiD; X 2 Π) at fractions of about 0.5% in the seeding gas was prepared in situ in the primary source by laser ablation of a silicon rod with 266 nm, 10-15 mJ pulses, and subsequent entrainment of the ablated silicon atoms in deuterium gas (D 2 , 99.7%; Icon Isotopes Inc.). The deuterium, which was released by a piezoelectric pulsed valve (Proch-Trickl) operated at 60 Hz and a backing pressure of about 4 atm, acted as a seeding and a reactant gas most likely forming the D1-silylidyne radical via atomic deuterium abstraction by atomic silicon from molecular deuterium; no other silicon-deuterium-bearing molecules were present in the beam. Note that even if D1-silylidyne radicals are formed initially in the A 2 Δ state, with a lifetime of only 500 ns, they decay to the ground state in the travel time of about 18 μs to the interaction region of the scattering chamber (Bauer et al. 1984) . A segment of the pulsed molecular beam entraining the D1-silylidyne radicals with a well-defined peak velocity of 2555 ± 110 ms −1 and speed ratio of 3.3 ± 1.2 was selected using a four slit chopper wheel after passing through a skimmer. The segment of the primary beam crossed at 90
• a supersonic beam of pure acetylene gas (C 2 H 2 ; 99.99%; Matheson), which had a velocity of 900 ± 20 ms −1 and speed ratio of 9.2 ± 1.0, in the scattering chamber, yielding a collision energy of 41.2 ± 4.0 kJ mol −1 . At this collision energy, silicon atoms present in the primary beam were found not to react with acetylene. The reactive scattering signal was angularly resolved by monitoring the reaction products in 2.
• 5 increments in the scattering plane defined by the primary and secondary beams at distinct mass-to-charge ratios using a triply differentially pumped quadrupole mass spectrometer (QMS) in the time-of-flight (TOF) mode after electron-impact ionization of the neutral molecules at 80 eV. The QMS acts as a mass filter only allowing ions with the selected mass-to-charge, m/z, value to pass through to the detector. The ions with the selected mass-to-charge upon exiting the QMS are accelerated toward a high-voltage (−22.5 kV) stainless steel target coated with an aluminum layer, which upon impact initiates an electron cascade. The electron cascade gets accelerated away from the stainless steel target and toward an aluminum-coated organic scintillator, which creates a photon cascade that is detected by a photomultiplier tube (PMT). The signal from the PMT was filtered by a discriminator set at 1.6 mV to reduce background noise before being recorded by a multichannel scaler, which records the signal in a series of "time bins" to obtain the TOF spectra. The laboratory angular distribution was obtained by integrating the TOF spectra and scaling for the data accumulation time at each angle. In order to obtain the information about the reaction dynamics, the laboratory data (TOF spectra and product angular distribution) were fit with Legendre polynomials that were converted from the laboratory frame to the center-of-mass (CM) reference frame using a forward convolution technique yielding the CM translational energy, P(E T ), and the angular flux distributions, T(θ ) (Vernon 1981; Weis 1986 ). The fitting procedure entails making an initial prediction of the product translational energy P(E T ) and the angular distribution T(θ ) in the CM reference frame and iteratively optimizing them until the laboratory frame data can be accurately matched.
THEORETICAL METHODS
Molecular structures were obtained via B3LYP/6-311+G * * geometry optimizations and frequency calculations. All geometric stationary points were characterized by frequency calculations to ensure that geometric minima had zero imaginary frequencies and that transition states had exactly one imaginary frequency. Harmonic zero-point energy corrections were also computed at the B3LYP/6-311+G * * level. Single-point energy evaluations were then computed at the CCSD(T)/aug-cc-pVTZ level of theory (Pople et al. 1987; Dunning 1989) , employing the frozen core approximation. Except where otherwise specified, all energies are computed at the CCSD(T)/aug-cc-pVTZ// B3LYP/6-311+G * * level of theory. To compare directly to the experimental data, reaction energies leading to [p1] to [p3] were computed via
where E corr (MP2/CBS 4,5 ) is the extrapolated MP2 correlation energy using the aug-cc-pV4Z and aug-cc-pV5Z basis sets and the extrapolation approach (Halkier et al. 1998 ):
where M and N denote the cardinal number, X, for the aug-ccpVXZ basis sets. These CCSD(T)/CBS results are observed to be converged to within 3 kJ mol −1 . To confirm that no entrance barrier exists for the reaction of D1-silylidyne with acetylene, a steepest descent optimization was performed starting from separated reactants. The energies are plotted in Figure 4 . All calculations were performed with the QChem suite of electronic structure programs (Kong et al. 2000) . 
RESULTS

Crossed Molecular Beams Studies: Laboratory Frame
The reaction of the D1-silylidyne radical (SiD; X 2 Π) with acetylene (C 2 H 2 , X 1 Σ g + ) was probed under single-collision conditions in the gas phase exploiting the crossed molecular beam approach. After intersecting a supersonic beam of D1-silylidyne with acetylene perpendicularly at a collision energy of 41.2 ± 4.0 kJ mol −1 , the neutral reaction products underwent electron impact ionization at 80 eV within a triply differentially pumped quadrupole mass spectrometric detector and were subsequently mass-and velocity-analyzed to record TOF spectra at well-defined mass-to-charge ratios at distinct laboratory angles. For the D1-silylidyne-acetylene system, we attempted to monitor reactive scattering signal at mass-to-charge ratios of m/z = 55 (SiC 2 HD + ), m/z = 54 (SiC 2 H 2 + /SiC 2 D + ), and m/z = 53 (SiC 2 H + ). The reaction of D1-silylidyne (SiD; 30 amu) with acetylene (C 2 H 2 ; 26 amu) did not result in reactive scattering signal at m/z = 55 (SiC 2 HD + ). Therefore, we conclude that under single-collision conditions, this reaction does not lead to the formation of SiC 2 HD (55 amu) via atomic hydrogen loss (1 amu). Reactive scattering signal was observed at m/z = 54 (Figure 1 ). Considering the molecular formula and molecular weight of the reactants, signal at m/z = 54 can originate from two channels: SiC 2 H 2 (54 amu) plus atomic deuterium (D; 2 amu) or SiC 2 D (54 amu) together with molecular hydrogen (H 2 ; 2 amu). We also attempted to monitor reactive scattering signal at m/z = 53 (SiC 2 H) formed via HD (3 amu) elimination, but were unsuccessful. Therefore, the interpretation of the raw data alone indicates a formation of the organosilicon molecule(s) SiC 2 H 2 and/or SiC 2 D via a single-collision event of two neutral reactants. Further, we can conclude that the atomic hydrogen (H) and the hydrogen deuteride (HD) elimination leading to SiC 2 DH (55 amu) and SiC 2 H (53 amu), respectively, are closed under our experimental conditions.
Crossed Molecular Beams Studies: Center-of-Mass Frame
After identifying the SiC 2 H 2 and/or SiC 2 D reaction products, we will now transform the experimental data from the laboratory to the CM reference frame (Kaiser et al. 2010 ). This procedure allows first an assignment of the reaction product(s); recall that based on the raw data alone, both SiC 2 H 2 and SiC 2 D can contribute to signal at m/z = 54. Once the product(s) is (are) characterized, we can expose the underlying chemical dynamics leading to the formation of the organosilicon molecule(s). Best fits of the laboratory data are overlaid in Figure 1 with the CM angular (T(θ )) and translational flux distributions (P(E T )) depicted in Figure 2 . The laboratory data could be fit with a single-reaction channel of reaction products with molecular masses 54 amu (SiC 2 H 2 , SiC 2 D) and 2 amu (D, H 2 ). A closer look at the CM functions provides important information on the pertinent reaction channel(s) and dynamics. Let us analyze the CM translational distribution first, since the P(E T ) assists in the assignment of the product isomer(s). For those reaction products formed without internal excitation, the high-energy cutoff of the P(E T ) of 54 ± 4 kJ mol −1 represents the sum of the reaction exoergicity plus the collision energy (41.2 ± 4.0 kJ mol −1 ). A subtraction of the collision energy indicates that the reaction is slightly exoergic by 13 ± 8 kJ mol −1 . This value is in very good agreement with our computed value for an exoergic reaction of 10 kJ mol −1 to form the silacyclopropenylidene molecule (c-SiC 2 H 2 ) plus atomic deuterium ( Figure 3 ). The energetics cannot account for the formation of SiC 2 D plus molecular hydrogen; here, the computed exoergicities of this channel of 32 kJ mol −1 and 61 kJ mol −1 to form the cyclic and linear SiC 2 D isomers, respectively, do not match the experimental data. Therefore, we can conclude that the silacyclopropenylidene molecule (c-SiC 2 H 2 ) is formed in the reaction of the D1-silylidyne radical with acetylene. Further, the translational energy distribution is closely peaked at zero translational energy; the laboratory data could be fit with a broad plateau from 0 up to about 8 kJ mol −1 . These findings suggest that the exit transition state to form silacyclopropenylidene plus atomic deuterium is rather loose. Finally, the energy channeled on average into the translational degrees of freedom of the final products is only 26% ± 5%; this order of magnitude suggests indirect scattering dynamics involving the unimolecular decomposition of a SiDC 2 H 2 complex. The indirect nature of the reaction mechanism is also confirmed by the CM angular distribution. Here, the T(θ ) depicts intensity over the complete angular range as indicative of an indirect, complex forming reaction mechanism. Also, the CM angular distribution could be fit within the error limits with slightly forward scattered or forward-backward symmetric distributions. These findings propose that the lifetime of the decomposing intermediate might be close to its rotational period (slightly forward scattered) or that the lifetime of the decomposing SiDC 2 H 2 intermediate is longer than its rotational period (forward-backward symmetric). Note that no conclusive evidence exists to determine whether the distribution holds a pronounced peak or dip at 90
• ; an isotropic (flat) distribution leads to an acceptable fit of the experimental data.
Electronic Structure Calculations: Reaction Intermediates
The electronic structure calculations were performed at a level of theory high enough to predict relative energies of the local minima within 10 kJ mol −1 and reaction energies to a precision of 3 kJ mol −1 (Figure 4 and Tables 3 and 4). In contrast to the well-characterized SiC 2 H 2 potential energy surface (PES; Vacek et al. 1991; Maier et al. 1995a Maier et al. , 1995b Draine 2009 ), the investigation of the SiC 2 H 3 PES is in its infancy; therefore, we conducted a complete theoretical study of the surface. Our 
Notes.
The overall reaction energies are given in kJ mol −1 with respect to the separated D1-silylidyne radical (SiD) and acetylene (C 2 H 2 ) reactants. Energies in italics are given for the reaction of the silylidyne radical (SiH) with acetylene (C 2 H 2 ); energies marked with "
* " are obtained from CCSD(T)/CBS calculations. The point groups and symmetries of the electronic wave functions are included in parentheses. Black: carbon; silver: silicon; light blue: hydrogen; dark blue: deuterium. and 4). The D1-silylidyne radical (SiD; X 2 Π) is predicted to add without entrance barrier to the carbon-carbon triple bond of acetylene (C 2 H 2 , X 1 Σ g + ) to one or two carbon atoms yielding the collision complexes [i1] and [i2], respectively, which are stabilized by −63 and −154 kJ mol −1 with respect to the separated reactants (Figure 4) . The absence of an entrance energy barrier has been confirmed by a careful scan of the PES in the entrance channel. Our calculations clearly depict that the reaction has no entrance barrier; here, the potential energy of the system steadily and monotonically decreases as the D1-silylidyne radical approaches acetylene. The D1-1-sila-1-propene-1,3-diylidene intermediate [i1] undergoes a de facto barrierless ring closure to the D1-1-silacyclopropenyl radical [i2] . The latter can isomerize, via a hydrogen shift from the carbon to the silicon atom followed by a simultaneous ring opening to intermediate Having discussed the addition pathways and consecutive isomerizations, we would like to address briefly potential insertion and abstraction routes. Here, we could not locate any reaction pathway leading to an insertion of the D1-silylidyne radical into the acetylenic carbon-hydrogen bond. Also, the D1-silylidyne radical cannot abstract a hydrogen atom from acetylene-forming ethynyl (C 2 H, X 2 Σ + ) plus D1-silylene (SiHD, X 1 A ); this reaction is endoergic by 195 kJ mol −1 and hence closed under our experimental conditions. In summary, our electronic structure calculations reveal that the reaction of the D1-silylidyne radical (SiD; X 2 Π) with acetylene (C 2 H 2 , Figure 3 . The fact that the D1-silylidyne radical addition to acetylene is barrierless is consistent with previous CASSCF calculations that predicted barrierless addition of both ground-(Si( 3 P)) and excited-state silicon atoms (Si( 1 D)) to acetylene (Su et al. 1990; Talbi 2005) .
Electronic Structure Calculations: Reaction Products
The electronic structure calculations also provide fundamental insight into the reaction products formed via unimolecular decomposition of intermediates [i1] to [i6] via atomic (H/D) and molecular (H 2 /HD) hydrogen elimination. Our ab initio calculations expose nine isotopomers and isotopologues, which can be formed by atomic hydrogen and deuterium loss (Table 1) ; exoergic reaction channels are included in Figure 3 . Combining the electronic structure calculations with the experimental observations delivers a sophisticated understanding of the unimolecular dynamics that goes beyond what can be obtained from our static electronic structure calculations alone.
Let us focus our attention first on the atomic hydrogen loss channel. The reaction energies (Table 1) indicate that all atomic hydrogen loss pathways are endoergic by at least 60 kJ mol −1 ; these energies are well above the collision energy of the crossed molecular beam study of 41.2 ± 4.0 kJ mol −1 . We therefore have to conclude that the atomic hydrogen loss channel is closed in Table 2 ), which have very small isomerization barriers of less than 5 kJ mol −1 . Symbol " * " shows energetically not accessible under our experimental conditions. the reaction of the D1-silylidyne radical with acetylene. This conclusion correlates well with our experimental finding suggesting that within the detection limits of our system, no atomic hydrogen loss was observed. With respect to the atomic deuterium elimination, the ab initio calculations predict that only the formation of silacyclopropenylidene [p1] is exoergic by 10 kJ mol −1 with respect to the separated reactants. This finding agrees nicely with our experimental finding indicating a reaction exoergicity of 13 ± 8 kJ mol −1 for the atomic deuterium loss channel. The ab initio calculations predict that silacyclopropenylidene [p1] is formed through the unimolecular decomposition of D1-silacyclopropenyl [i2] via a loose exit transition state. Further, we would like to briefly address potential isotope scrambling. Figure 3 shows that intermediates [i3] to [i6] have a hydrogen and deuterium atom connected to the same heavy atom, which would provide an opportunity for isotope scrambling in [i2], if intermediates [i3] to [i6] were involved in the reaction and if the system behaved statistically, i.e., the rate of vibrational energy redistribution is fast compared to the unimolecular decomposition timescale. The experimental lack of signal at m/z = 55 rules out any atomic hydrogen loss suggesting a non-statistical vibrational energy redistribution. Activation of the silicon-deuterium bond apparently leads preferentially to dissociation rather than isomerization, which requires more concerted motion.
Finally, we will address the molecular hydrogen loss pathway leading to SiC 2 D isomer(s) (54 amu). Based on the reaction energies (Table 1) To summarize, our ab initio calculations suggest the following for the reaction of the D1-silylidyne radical with acetylene. First, both the molecular hydrogen (H 2 ) and the hydrogen deuteride (HD) elimination channels are closed due to the high energy of the associated transition states. Second, the calculated energetics suggest both the atomic hydrogen and deuterium atom elimination channels are nominally open based on barrier heights that permit isotope scrambling. However, only the latter is realized experimentally, evidently reflecting non-statistical dynamics involved in the decomposition of intermediate [i2] .
REACTION MECHANISM AND CHEMICAL DYNAMICS
We are now combining our experimental findings with the results from the ab initio calculations to propose the underlying reaction mechanism(s) and the chemical dynamics of the reaction. The reaction of the D1-silylidyne radical with acetylene proceeds via indirect scattering dynamics and is initiated by addition of D1-silylidyne to one or two carbon atoms of the acetylene molecule forming collision complexes [i1] and [i2], respectively. The indirect scattering dynamics were verified by the shape of the CM angular distribution depicting intensity over the complete scattering range from 0
• to 180
• . Further, the computations indicate that these reactions involve no entrance barriers. Complex formation is therefore dictated by long-range attractive forces. Reactions with small impact parameters should lead preferentially to 1-sila-1-propene-1,3-diylidene . The loose nature of the transition state was also verified experimentally based on the CM translational energy distribution peaking close to zero translational energy. The barrierless nature of the reversed reaction of the deuterium atom addition to the closed shell silacyclopropenylidene molecule (c-SiC 2 H 2 ; X 1 A 1 ) is surprising as hydrogen atom additions to closed shell molecules are associated with entrance barriers of typically 5-30 kJ mol −1 . However, the ring bonding in silacyclopropenylidene is unique and best rationalized as a combination of the Dewar-Chatt-Duncanson model plus some delocalization of the out-of-plane carbon-carbon π electrons into the empty p orbital of the silicon atom. Therefore, the deuterium atom can add without barrier to the empty silicon p-type orbital of silacyclopropenylidene. Finally, both experiments and computations agree that only the atomic deuterium loss is open; competing exit channels involving molecular hydrogen and hydrogen deuteride losses are closed. Thus, under our experimental conditions, the reaction of the D1-silylidyne radical with acetylene leads solely to the silacyclopropenylidene molecule (c-SiC 2 H 2 ) plus atomic deuterium in a slightly exoergic reaction (−10 kJ mol −1 ).
ASTROPHYSICAL IMPLICATIONS AND CONCLUSIONS
Having uncovered a facile formation route of the silacyclopropenylidene molecule (c-SiC 2 H 2 ) under single-collision conditions, we will now discuss the implications of this discovery to the "real" ISM. Our combined experimental and computational study exposed a barrierless and exoergic route to form silacyclopropenylidene under single-collision conditions via the gas phase reaction of the D1-silylidyne radical with acetylene with all isomerization barriers located below the energy of the separated reactants. When considering the competing reaction channels such as hydrogen abstraction or the formation of higher energy SiC 2 H 2 isomers like silavinylidenecarbene (H 2 CCSi), we can conclude that the silacyclopropenylidene molecule (cSiC 2 H 2 ) represents the sole reaction product formed in circumstellar envelopes close to the central star. Hence, the bimolecular collision of the simplest silicon-bearing radical silylidyne (SiH) with omnipresent acetylene (C 2 H 2 ) can be considered as a prototype mechanism leading to the formation of organosilicon molecules in circumstellar envelopes. Recall that we conducted the reaction with D1-silylidyne to elucidate the position of the atomic hydrogen loss. However, in the "real" ISM, the silylidyne radical (SiH) rather than the D1-silylidyne radical reacts with acetylene. This reaction was computed to be slightly more exoergic, i.e., −13 kJ mol −1 , to form the silacyclopropenylidene molecule plus atomic hydrogen. Acetylene would therefore be effectively tied to the synthesis of organosilicon species as the main carbon reservoir in carbon-rich outflows. Our investigation also serves as a proof-of-concept study highlighting that hitherto poorly studied reactions of silylidyne radicals with more complex hydrocarbons such as ethylene (C 2 H 4 ) and substituted acetylenes/olefines could significantly advance circumstellar organosilicon chemistry.
Once formed, the organosilicon molecules might be photolyzed easily; pioneering laboratory studies by Maier et al. provided compelling evidence that photolysis of silacyclopropenylidene (c-SiC 2 H 2 ) yields the cyclic silicon dicarbide molecule (c-SiC 2 ) (Maier et al. 1995b) . This finding has important implications. Chemical models for the carbon-rich star IRC+10216 (Cherchneff 2012) produce fractional abundances of silicon dicarbide (c-SiC 2 ) of some 5 × 10 −8 , when the chemical effects of shocks are included in the models. Here, silicon dicarbide is proposed to be formed through reactions between silicon carbide (SiC) molecules; however, other formation routes were not considered. Recent observations of silicon dicarbide with Herschel/HIFI (Cernicharo et al. 2010 ) indicate a similar but somewhat higher abundance of 2 × 10 −7 . The reaction of silylidyne (SiH) with acetylene (C 2 H 2 ) leading to silacyclopropenylidene (c-SiC 2 H 2 ) could be an important first step toward silicon dicarbide (c-SiC 2 ) in these environments, as silacyclopropenylidene (c-SiC 2 H 2 ) could easily undergo collisional cleavage of the carbon-hydrogen bonds in the warm post-shock gas or even through photolysis. Our findings, that an organosilicon molecule forms via reaction of silylidyne with acetylene, present a strong alternative to previously postulated reactions leading to silicon-bearing molecules via reactions involving atomic silicon. Kinetics studies suggest that at temperatures down to 15 K, ground-state silicon atoms react fast with acetylene with rate constants of a few ×10 −10 cm 3 s −1 (Basu & Husain 1988; Canosa et al. 2001) . Smith et al. proposed that at these low temperatures, intersystem crossing operates efficiently, and the spin-forbidden exoergic molecular hydrogen loss channels to c-SiC 2 plus molecular hydrogen are open (Smith et al. 2006) . However, at elevated temperatures close to the photosphere of carbon stars, intersystem crossing is rather inefficient, and c-SiC 2 cannot be formed via the bimolecular reaction of silicon atoms with acetylene (Kaiser & Gu 2009 ). However, c-SiC 2 can be synthesized upon photolysis and in shocked regions through hydrogen loss from silacyclopropenylidene (c-SiC 2 H 2 ), which in turn can be generated through bimolecular reactions of silylidyne (SiH) with acetylene (C 2 H 2 ) as demonstrated in the present work.
To conclude, the pathways involving silacyclopropenylidene (c-SiC 2 H 2 ) may provide the key to understanding the high abundance of solid-phase silicon carbide in the harsh environment of the ISM, where the destruction via sputtering and interstellar shocks is rapid. Our study delivers compelling evidence that small organosilicon molecules such as silacyclopropenylidene can be formed via facile, barrierless reactions involving the simplest silicon-bearing radical (silylidyne) and acetylene. These reactions could supply the molecular feedstock of organosilicon molecules necessary to account for the ubiquitous presence of interstellar silicon-carbide grains via a "bottom up" synthesis starting with small silicon-bearing precursor molecules as proposed here. Since the reaction is barrierless and all transition states involved are located below the energy of the separated reactants, exoergic processes of this reaction class could be highly relevant for chemical growth of silicon-carbide dust grains in the low temperature conditions of the ISM. Dust destruction is very rapid in the ISM even for such refractory solids as silicon carbide (Jones et al. 1994) . While grain growth in the ISM is often invoked to reconcile the large discrepancy of injection and destruction timescales with the observed high abundance of interstellar dust (Draine 2009 ), chemical routes have never been identified. Even first-order questions such as whether siliconcarbide dust grows an "SiC mantle" in the ISM or a silicate oxide mantle have not been addressed. The reaction route proposed here opens up a "homogeneous" silicon-carbide growth on silicon-carbide grains in the ISM. Finally, although silicon dicarbide (c-SiC 2 ) has been detected in the circumstellar envelope of IRC+10216, silacyclopropenylidene has escaped astronomical detection. The difficulty in observing silacyclopropenylidene might be due to poorly characterized rotational spectra in the laboratory, inaccurate rotational constants, or simply a lifetime too short due to photolysis, shocks, or grain growth. Therefore, prospective searches for silacyclopropenylidene utilizing the Atacama Large Millimeter Array (ALMA) combined with novel astrochemical models are expected to provide critical constraints and a comprehensive picture of the basic molecular processes involved in the formation of organosilicon molecules and their link to silicon-carbide grain formation in the ISM.
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